Abstract The Hedgehog (Hh) signaling pathway plays crucial roles both in embryonic development and in adult stem cell function. The timing, duration and location of Hh signaling activity need to be tightly controlled. Abnormalities of Hh signal transduction lead to birth defects or malignant tumors. Recent data point to ubiquitination-related posttranslational modifications of several key Hh pathway components as an important mechanism of regulation of the Hh pathway. Here we review how ubiquitination regulates the localization, stability and activity of the key Hh signaling components.
The Hh signaling pathway
Hh proteins are cell-to-cell signals best known for their roles in embryonic tissue patterning and cell differentiation (Ingham et al., 2011; Briscoe and Thérond, 2013) . The Hh gene is involved in embryonic segment polarity and patterning of the imaginal discs in Drosophila, and in patterning of the limb and neural tube in vertebrates (Huangfu and Anderson, 2006) . Hh signaling also has post-embryonic roles in tissue repair and regeneration, and in the maintenance of neural, hematopoietic, skin, prostate, and bladder stem cells (Jiang and Hui, 2008; Petrova and Joyner, 2014) . Furthermore, Hh pathway activation has pathological roles in the growth of numerous cancers (Taipale and Beachy, 2001; Beachy et al., 2004; Teglund and Toftgård, 2010) , while disruption of the pathway is linked to congenital malformations (Nieuwenhuis and Hui, 2005) .
Mature Hh ligand activates the pathway by binding to its receptor Patched (hereafter referred to as Ptc; dPtc in Drosophila, Ptch in vertebrates), a member of the Resistance-Nodulation-Division (RND) family of proton-driven transmembrane transporters , and the obligate Ptc co-receptors (Ihog and Boi in Drosophila, Cdo and Boc in vertebrates) (McLellan et al., 2006; Okada et al., 2006; Tenzen et al., 2006; Yao et al., 2006; Zhang et al., 2006b; Zheng et al., 2010; Allen et al., 2011; Izzi et al., 2011) . Hh binding relieves Ptc suppression of the G-proteincoupled-receptor-like protein Smoothened (hereafter referred to as Smo; dSmo in Drosophila; vSmo in vertebrates), which in turn leads to a block of repressor formation and activation of the full-length Ci (in Drosophila) or Gli (in vertebrates) transcription factors, ultimately resulting in the expression of tissue specific target genes . The primary cilium, a microtubule-based organelle that protrudes from the surface of most vertebrate cells, is a requisite hub to transduce the Hh signal in vertebrates (Goetz and Anderson, 2010) . In Hh's absence, the Ptch1 receptor localizes to the primary cilium, where it inhibits Smo activation and prevents Smo accumulation to the cilia. In the presence of the Hh ligand, Ptch1 disappears from the cilium, and both vSmo and the three Gli proteins accumulate in the cilium (Corbit et al., 2005; Haycraft et al., 2005; Kim et al., 2009; Wen et al., 2010) . Suppressor of Fused (Sufu), an important regulator of Gli proteins, also localizes to the cilium where it may be inhibited by activated vSmo (Haycraft et al., 2005; Tukachinsky et al., 2010) . Although most of the Drosophila cells have no primary cilium, Hh ligand also induces opposite subcellular localization changes of dPtc and dSmo: dPtc internalizes from and dSmo accumulates at the plasma membrane upon Hh stimulation (Denef et al., 2000; Zhu et al., 2003) . This reciprocal change in subcellular localization mirrors that seen in vertebrate cilium, where Ptch1 exits and vSmo enters the cilium in response to Hh ligand.
Notable divergences in the Hh signaling pathway components are observed between Drosophila and vertebrates. Aside from the function of primary cilium, the most obvious difference is the presence of multiple versus singular homologs of Hh ligand, Ptc, and Gli in vertebrates. In mammals, Shh (Sonic Hedgehog) and Ihh (Indian Hedgehog) have critical functions in embryonic development, and Dhh (Desert Hedgehog) is involved in spermatogenesis (Bitgood et al., 1996; Chiang et al., 1996; St-Jacques et al., 1999; Zhang et al., 2001) . Of the two vertebrate Ptch homologs, Ptch1 appears to play a major role in embryonic development, while Ptch2 has a relatively minor role (Goodrich et al., 1997; Wolff et al., 2003; Koudijs et al., 2005; Nieuwenhuis et al., 2006) . There are three Gli proteins (Gli1, Gli2 and Gli3) in mammals and each contains a C-terminal activation domain, but only Gli2 and Gli3 have N-terminal repressor domains (Dai et al., 1999; Sasaki et al., 1999) . In the absence of Hh, Ci and Gli2/3 are proteolytically processed into the repressor forms by removal of the C-terminal activation domains, whereas the presence of Hh promotes formation of the fulllength Ci/Gli activator forms (Aza-Blanc et al., 1997; Ohlmeyer and Kalderon, 1998; Méthot and Basler, 1999; Aza-Blanc et al., 2000; Wang et al., 2000a) . Gli1 is dispensable for development and acts to amplify the transcriptional output of Hh signaling (Park et al., 2000; Bai et al., 2002 ). Gli3 appears to act as the major repressor and Gli2 as the major activator of Hh signaling (Ding et al., 1998; Matise et al., 1998; Persson et al., 2002) . However, Gli2 and Gli3 have been found to share overlapping activator and repressor functions in Gli2 -/ -Gli3 -/ -double knockout mice (Buttitta et al., 2003; Motoyama et al., 2003; Bai et al., 2004; McDermott et al., 2005) .
Smo and Sufu exist as single genes in both Drosophila and vertebrates, but important divergences that affect their regulation and function in the Hh signaling pathway are also observed. Intracellular trafficking of Smo proteins is likely an important step of Hh signal transduction. Plasma membrane accumulation of dSmo is coupled with its activation (Denef et al., 2000; Zhu et al., 2003; Nakano et al., 2004) , while ciliary localization of vSmo is necessary but not sufficient for its activation in vertebrates (Rohatgi et al., 2009; Wang et al., 2009; Wilson et al., 2009) . Phosphorylation of the C-terminal tail (C-tail) of dSmo and vSmo leads to their active conformation and cell surface or ciliary accumulation (Jia et al., 2004; Zhang et al., 2004; Apionishev et al., 2005; Zhao et al., 2007; Chen et al., 2011a) . Nonetheless, the C-tail is the least conserved region of the Smo protein, indicating that dSmo and vSmo are regulated differently (Huangfu and Anderson, 2006) . In both vertebrates and invertebrates, Sufu functions downstream of Smo to antagonize Ci/Gli by binding and sequestering the transcription factors in the cytosol (Monnier et al., 1998; Ohlmeyer and Kalderon, 1998; Ding et al., 1999; Kogerman et al., 1999; Méthot and Basler, 2000) . In addition, it has been reported that mammalian Sufu directly modulates the transcriptional activity of Gli in the nucleus through recruitment of a corepressor complex (Cheng and Bishop, 2002; Paces-Fessy et al., 2004) . The absence of Sufu results in constitutive Hh pathway activation similar to loss of Ptch1 in mouse but has no effect in Drosophila (Préat 1992; Cooper et al., 2005; Svärd et al., 2006) . The differences in these phenotypes indicate that Sufu is the major inhibitor of Gli activity in mammals downstream of Ptch1, while multiple inhibitory mechanisms exist in flies (Jiang and Hui, 2008) .
Dynamic regulation of Hh signaling
The diverse cellular responses to Hh in different tissues during development reflect the presence of complex mechanisms that dynamically regulate the Hh signaling. As a morphogen, the secreted Hh protein forms a concentration gradient in various developing structures, such as the Drosophila wing disc or vertebrate neural tube, to control cellular differentiation and tissue patterning (Jiang and Hui, 2008; Briscoe and Thérond, 2013) . The role of Hh as morphogen and the molecular details on formation of the Hh concentration gradient are described in other reviews (Torroja et al., 2005; McGlinn and Tabin, 2006; Guerrero and Chiang, 2007; Gradilla and Guerrero, 2013) . One well-established feedback mechanism that serves to shape this concentration gradient involves limiting the range of the Hh signal through the conserved upregulation of Ptc (Capdevila et al., 1994a; Tabata and Kornberg, 1994; Ingham and Fietz, 1995; Goodrich et al., 1996; Marigo et al., 1996) .
Furthermore, graded activation of downstream intracellular Hh pathway components is another way to fine-tune the interpretation of the Hh concentration gradient. For example, progressive phosphorylation of Smo at multiple sites in response to increasing Hh level is correlated with its activation along with the associated changes in conformation and subcellular localization (Jia et al., 2004; Zhao et al., 2007; Chen et al., 2011a; Fan et al., 2012) . The repressor and activator forms of Ci regulate the expression of distinct subsets of Hh target genes (Méthot and Basler, 1999) . In the Drosophila wing imaginal disc, absence of Hh signaling promotes Ci processing to the repressor form and presence of Hh signaling stimulates formation of the activator form, resulting in spatial variation in target gene expression (Méthot and Basler, 1999) . In the vertebrate neural tube and limbs, the graded Hh signal may translate into a Gli activity gradient through processing of Gli3 to the repressor form (Wang et al., 2000a; Stamataki et al., 2005) . The duration of exposure to Hh can also influence the cellular response, e.g., a longer exposure time to Hh ligand is necessary for high levels of Hh signaling in the neural tube (Harfe et al., 2004; Stamataki et al., 2005; Dessaud et al., 2007; Scherz et al., 2007) . Thus, both positive and negative regulation of various Hh pathway components can be influenced by the strength and duration of the Hh signal.
Finally, termination of Hh signaling is also important for controlling the duration of pathway activity. Hh induced ubiquitination and degradation of Ci/Gli is the most wellestablished mechanism for limiting signal duration, and inhibiting this process can lead to cell patterning disruption and excessive cell proliferation (Di Marcotullio et al., 2006; Huntzicker et al., 2006; Kent et al., 2006; Zhang et al., 2006a; Di Marcotullio et al., 2007; Ou et al., 2007) . In addition to Ci/ Gli, a growing body of evidence suggests that ubiquitination also plays critical roles in regulating other Hh signaling components including Ptc, Smo, and Sufu. Thus, ubiquitination serves as a general mechanism in the dynamic regulation of the Hh pathway.
Protein ubiquitination
Ubiquitination is a posttranslational modification that plays fundamental roles in diverse cellular processes including signal transduction, cell cycle progression and immune responses (Hershko and Ciechanover, 1998; Voges et al., 1999) . This process involves the linkage between the Cterminal glycine (Gly76) of the 76-amino acid protein Ubiquitin (Ub) and the ε-amino group of the lysine residues on the substrate (Pickart, 2001) . Ubiquitination is initiated by ATP-dependent formation of a covalent bond between the Ub molecule and the ubiquitin-activating enzyme (E1), which activates Ub and transfers it onto ubiquitin-conjugating enzyme (E2) (Deshaies, 1999) . Finally, ubiquitin targets the substrate proteins either through the covalent attachment to the acceptor lysine residues by itself or with the assistance of an ubiquitin ligase (E3) (Verma and Deshaies, 2000) . E3s bind directly to target proteins and transfer the activated ubiquitin from the E2 to the lysine residues in the substrate, (Baumeister et al., 1998; Pickart, 2004; Pickart and Eddins, 2004) . To date, around one thousand E3 ligases have been identified which are classified into two families based on the presence of either a HECT (homologous to E6-AP C terminus) or a cysteine-rich RING (really interesting new gene) finger domain (Jackson et al., 2000; Pickart and Eddins, 2004) . HECT domain E3 ligases first attach the ubiquitin from the E2 to themselves and then transfer it to the selected substrate, while RING finger domain E3 ligases recruit the E2 and then facilitate the ubiquitin transfer (Weissman, 2001) .
Ub contains seven lysine (K) residues in positions K6, K11, K27, K31, K33, K48 and K63, all of which can be used as iso-peptide linkage of another Ub molecule leading to the generation of different types of ubiquitin chain conformations which can have different consequences (Woelk et al., 2007) . Attachment of the first Ub on the lysine residue of the substrate results in the structural modification of Ub, leading to the formation of the Ub chains. Ubiquitinated proteins may be dedicated to different fates depending on the length or linkage of the ubiquitin molecules (Lee and Tyers, 2001 ).
Monoubiquitination refers to the attachment of a single Ub to a single Lys residue, multi-monoubiquitination results from the attachment of single Ub molecules to several Lys residues, and polyubiquitination results from the attachment of a chain of Ub molecules to one or more Lys residues (Haglund and Dikic, 2005) . Polyubiquitination through K48 represents a signal for degradation of modified substrates via the 26S proteasome, the best studied and canonical function of protein ubiquitination (Finley, 2009) . Polyubiquitination through K63 has been linked to various functional outcomes including lysosomal degradation and proteasome-independent mechanisms of signaling pathway activation (Chen, 2012; Oshiumi et al., 2012) . On the other hand, monoubiquitination through K63 is primarily associated with non-proteolytic events such as membrane trafficking, signal transduction pathways and DNA repair (Sigismund et al., 2004) . The functions of unconventional ubiquitin linkages at Lys residues other than K48 and K63 are not well understood; however they have been found to be abundant in vivo and to be critical for degradation of protein substrates through the Ub-proteasome system (Xu et al., 2009; Chen, 2012; Oshiumi et al., 2012) .
It has been recently reported that ubiquitination of several key Hh pathway components represent an important mechanism for regulation of the Hh pathway. Here, we review how ubiquitination regulates the localization, stability and activity of the key Hh signaling components Ptc, Smo, Sufu, and Ci/Gli. We will also briefly discuss the physiological significance of their ubiquitination in the context of Hh signaling related developmental processes and disease.
Regulation of Hh receptor Ptc through ubiquitination
The Hh receptor Ptc acts to suppress the downstream pathway in the absence of Hh ligand . The repression of Smo by Ptc is alleviated upon Hh binding to Ptc and its co-receptors, leading to activation of the Hh signaling cascade . The mechanism by which Hh regulates Ptc is unclear, although changes in Ptc protein level and subcellular distribution were found to correlate with Hh pathway activation. The Ptc gene itself is transcriptionally induced by the Hh signal (Capdevila et al., 1994a; Tabata and Kornberg, 1994; Ingham and Fietz, 1995; Goodrich et al., 1996; Marigo et al., 1996) , and the resulting increase in Ptc protein level functions in a negative feedback manner with other Hh binding proteins to sequester the ligand and effectively limit the range of Hh activity in vivo (Chen and Struhl, 1996; Briscoe et al., 2001; Jeong and McMahon, 2005; Dessaud et al., 2007; Zheng et al., 2010) . Furthermore, observations that dPtc internalizes from the cell surface in response to Hh (Denef et al., 2000; Zhu et al., 2003) and colocalizes with endosomes and multivesicular bodies (MVBs) (Capdevila et al., 1994b; Torroja et al., 2004) indicate that, similar to many other cell signaling systems (Polo and Di Fiore, 2006) , receptor endocytosis could also play a role in modulating the strength and duration of Hh signaling activity. In mammalian cells, removal of Ptch1 from the primary cilium in response to Shh binding is coupled to vSmo translocation into the cilium and downstream signaling activation . Thus, Ptc subcellular localization and turnover need to be tightly controlled for proper Hh signal transduction. Here, we highlight recent studies that reveal the role of ubiquitination in regulating both dPtc and Ptch1 intracellular trafficking and turnover.
The PPXY motif is essential for Ptc ubiquitination
Multiple lines of evidence have suggested that the cytoplasmic C-tail of Ptc is important for its stability (Lu et al., 2006; Kawamura et al., 2008) , which is mediated through interactions with the HECT domain E3 ligases (Lu et al., 2006; Huang et al., 2013; Chen et al., 2014; Yue et al., 2014) . In Drosophila, yeast two-hybrid screens showed a PPXY motif within this region binds both Nedd4 and Smurf E3 ligases (Formstecher et al., 2005; Huang et al., 2013) and is required for Nedd4/Smurf interaction with dPtc (Lu et al., 2006; Huang et al., 2013) . Mutation of Tyr in this consensus motif or truncation of the PPXY containing C-tail stabilizes dPtc protein (Lu et al., 2006) . The PPXY motif has also been shown to regulate the stability of Ptch1 through interaction with several vertebrate Nedd4 family HECT domain E3 ligases including Nedd4, Smurf1, Smurf2, WWP2 and Itchy (Lu et al., 2006; Chen et al., 2014; Yue et al., 2014) . In contrast to dPtc, Ptch1 possesses an additional PPXY motif in the third intracellular loop, and both PPXY motifs are important for the stability of Ptch1 protein (Yue et al., 2014) .
Furthermore, Ptc protein lacking the PPXY motif(s) displays altered intracellular localization. In Drosophila, Hh induces the redistribution of dPtc from predominantly cell surface to predominantly intracellular (Denef et al., 2000; Zhu et al., 2003; Nakano et al., 2004) . In contrast, dPtc lacking the portion of the C-tail that includes the PPXY motif remained at the plasma membrane in the presence of Hh (Lu et al., 2006) . Interestingly, mutating the PPXY motif alone stabilized the dPtc protein, but did not block its internalization to the cytosol in response to Hh (Lu et al., 2006) . Lu et al. speculate that this discrepancy may reflect a signaling role for PPXY in lysosomal targeting rather than for internalization, while other sequences in the C-tail are additionally required for targeting dPtc from plasma membrane to endosomes. Whether this is indeed the case, and is specific to dPtc, needs to be further investigated.
In vertebrates, it was also found that the PPXY motif containing C-tail regulates the localization of the Ptc protein.
Wild-type Ptch1 protein showed increased co-localization with Caveolin-1-positive lipid rafts, Rab7-positive late endosomes and LAMP1 positive lysosomes in response to Shh treatment. In contrast, deletion of both PPXY motifs enhanced the co-localization of Ptch1 (Ptch1Δ2PY) with Caveolin-1 in lipid rafts even in the absence of Shh. However, Ptch1Δ2PY failed to co-localize with Rab7 or LAMP1 positive vesicles when Shh was present (Yue et al., 2014) . These findings suggest that the PPXY motifs mediate movement of Ptch1 from lipid rafts directly into late endosomes, which is consistent with observations that caveolin-associated cargos bypass early endosomes to enter late endosomes (Quirin et al., 2008; Hayer et al., 2010; Sandvig et al., 2011) .
The PPXY motifs also seem to mediate ciliary trafficking of Ptch1. Shh signaling in vertebrate cells involves ciliary accumulation of vSmo with concurrent disappearance of Ptch1 from cilia . While expression of wild-type Ptch1 in Ptch1 -/ -mouse embryonic fibroblasts (MEFs) reconstituted this established ciliary trafficking pattern, Ptch1Δ2PY accumulated in the cilia in the presence or absence of Shh and appeared to partially reduce vSmo entry induced by Shh (Yue et al., 2014) . Pharmacological inhibition of lysosomal turnover was also sufficient to block ciliary exit of wild type Ptch1 (Yue et al., 2014) . Along with the finding that Ptch1Δ2PY accumulated in lipid rafts in the presence of Hh, the authors speculate that ciliary retention of the ubiquitination-deficient Ptch1 that lacks both PPXY motifs in the presence of Hh is due to their inability to undergo endocytosis (Yue et al., 2014) .
In other organisms, it has been shown that ubiquitination of ciliary proteins may regulate their cellular localization. For example, in Chlamydomonas, free ubiquitin and ubiquitinconjugating enzyme have been detected in flagella, and the level of ubiquitinated proteins in flagella increases dramatically during flagellar resorption (Huang et al., 2009 ). In C. elegans, a protein kinase D2 (PKD2)-ubiquitin fusion is absent from cilia, whereas PKD2 normally remains in cilia at steady-state (Hu et al., 2007) . Thus, it is conceivable to propose that Ub may be used as a tag for transport to the base of the cilium and also for further trafficking toward the degradative endocytic route (Nachury et al., 2010) . Whether this mechanism is also involved in Hh-induced clearance of Ptch1 from the cilium needs to be further investigated.
Smurfs dependent Ptc ubiquitination
Two recent reports indicate that Smurf members of the HECT E3 ligase family negatively regulate Ptc by changing its subcellular localization and promoting its turnover (Huang et al., 2013; Yue et al., 2014) . The first study by Huang et al. found that Smurf binds dPtc through the C-tail PPXY, and promotes Ub K48-linked and Ub K63-linked ubiquitination by targeting K1261 (Huang et al., 2013) . Expression of dominant-negative (catalytically inactive) Smurf or RNAi against endogenous Smurf reduced ubiquitination of dPtc, which was dependent on the presence of the dPtc C-tail (Huang et al., 2013) . Furthermore, Smurf overexpression decreased the steady-state level of full-length dPtc protein but not that of the C-tail truncated dPtc, indicating that Smurf ubiquitination of the C-tail promotes dPtc degradation (Huang et al., 2013) .
Yue et al. examined the interaction of Smurfs and Ptch1 in the mammalian system and highlighted an important role of Ptch1 ubiquitination in its endocytic trafficking and degradation (Yue et al., 2014) . Co-immunoprecipitation and FRET analysis indicated that Smurf1 or Smurf2 can bind Ptch1, and that this interaction is dependent on the presence of both PPXY motifs. Either deletion of the PPXY motifs or double knockout of both Smurf1 and Smurf2 stabilized Ptch1 protein both in the absence and presence of Shh, likely through abolishing Ptch1 ubiquitination. In agreement with the observed ubiquitination pattern in dPtc (Huang et al., 2013) , re-introducing Smurf2 in the Smurf2 -/ -MEFs enhanced K48 and K63-linked ubiquitination of Ptch1 (Yue et al., 2014) . Together, these findings reveal essential functions for Smurf proteins in Ptch1 ubiquitination.
The mechanisms by which Smurfs mediate Ptc ubiquitination were examined both in Drosophila and in mammals. It is well established that activated Smo/Ci directly promotes the synthesis of Ptc through transcriptional induction (Goodrich et al., 1996) . Recently, Huang et al. provided evidence to suggest that activated Hh signaling can also induce ubiquitination and degradation of the dPtc protein, likely through recruitment of Smurf to the plasma membrane by activated dSmo (Huang et al., 2013) . By contrast, Yue et al. observed that Shh induced Ptch1 degradation in Smo -/ -MEFs, indicating that Ptch1 turnover is mediated independently of vSmo (Yue et al., 2014) . In agreement with these findings, dSmo but not vSmo was found to interact with Smurf(s) (Huang et al., 2013; Yue et al., 2014) . The discrepancies observed in these studies suggest that although Smurf is important for Ptc turnover in both vertebrates and invertebrates, the mechanism through which this occurs is not fully conserved.
Consistent with a crucial role for Smurfs in targeting Ptc turnover, in vivo studies with multiple organisms suggest that the Smurf E3 ligases are positive modulators of the Hh signaling pathway. In Drosophila, knockdown of Smurf in wing discs decreased expression of Hh target genes, while ectopically expressed wild type Smurf but not catalytically inactive mutant Smurf increased Hh target gene expression (Huang et al., 2013) . In zebrafish embryos, Smurf1 and Smurf2 knockdown by morpholinos disrupted proper somite development and reduced Hh target gene expression, which was rescued by knockdown of Ptch1 (Huang et al., 2013) . In mice, knockout or siRNA knockdown of Smurf1 and Smurf2 simultaneously inhibited Shh-dependent proliferation of granule cell precursors in the cerebellum (Yue et al., 2014) . Collectively, these observations indicate that Smurf positively regulates Hh signaling by targeting Ptc for degradation.
Itchy dependent Ptc ubiquitination
Ptch1 has also been shown to function as a dependence receptor (Thibert et al., 2003) . In the absence of Hh, Ptch1 promotes apoptosis by recruiting a dependosome type caspase-activating complex through the binding of adaptors DRAL (downregulated in rhabdomyosarcoma LIM-domain protein) and TUCAN (family member 8 of the caspase recruitment domain containing proteins) to a pro-apoptotic domain located in the C-tail of Ptch1 (Mille et al., 2009 ). Recent reports indicate that Nedd4 family of E3 ligases besides Smurfs have distinct functions in regulating this noncanonical function of Ptch1. Nedd4 was the first E3 ligase that was found to physically interact with Ptch1, but later reports show that Nedd4 does not downregulate Ptch1 and is involved instead in inducing Ptch1 triggered apoptosis (Fombonne et al., 2012; Yue et al., 2014) . Specifically, Nedd4 was found to be a component of the dependosome complex, and was required for the ubiquitination and activation of caspase-9 (Fombonne et al., 2012) . Nedd4 interaction with Ptch1 was unaffected by Shh, and was mediated by the proapoptotic domain of Ptch1 which does not contain the PPXY motifs (Fombonne et al., 2012) . Another recent study revealed that ubiquitination of residue K1413 in the Ptch1 C-tail by a different Nedd4 family E3 ligase Itchy, which did bind through the PPXY motifs, is involved in regulating Ptch1 stability and localization in the absence of Hh signaling . Abolishing ubiquitination at this site through Lys to Arg mutation stabilized Ptch1, suppressed Itchy-induced degradation of Ptch1, and increased its plasma membrane localization . Notably, Itchy knockdown did not suppress Ptch1 degradation by Shh, while K1413R mutation reduced ubiquitination in both Hh treated and non-treated cells, indicating that Itchy regulates basal Ptch1 turnover in the absence of ligand . This function may be important in preventing Ptch1-induced apoptosis because K1413R mutation increased cell death and caspase-9 activity .
Together, these studies strongly suggest that the PPXY motifs share a conserved function from insects to vertebrates in recruiting the HECT E3 ligases to regulate Ptc intracellular localization and stability. In Drosophila, Nedd4, Smurf, and Su(dx) bound dPtc, but only Smurf has a positive role in regulating Hh signaling by targeting dPtc to ubiquitination (Lu et al., 2006; Huang et al., 2013) . Conversely, knockdown of Nedd4 had no effect on Hh signaling activity while Su(dx) was shown to negatively regulate Hh signaling pathway (Huang et al., 2013) . Su(dx) is the Drosophila homolog of Itchy, which was found to negatively regulate Hh signaling activity in mammals by targeting Gli1 (Di Marcotullio et al., 2006 ) (see the "Degradation of Gli1" section). Thus, it is possible that Su(dx) may analogously suppress the Drosophila Hh signaling pathway by targeting Ci. Similarly, in mammalian cells, multiple Nedd4 family HECT E3 ligases were found to interact with Ptch1, but not all of them promote Ptch1 turnover. Only Smurf1/Smurf2 or Itchy co-expression promoted Ptch1 ubiquitination and degradation, while Nedd4 is involved in the apoptotic activity of Ptch1 (see above). In summary, these studies strongly suggest that HECT E3 ligases have distinct, possibly non-overlapping functions in regulating Ptc expression and activity. Additional studies are needed to clarify the functions of the individual Ptcinteracting HECT E3 ligases in both Drosophila and vertebrates, as well as the mechanisms by which they regulate Ptc.
Regulation of Smo through ubiquitination
The physiological mechanisms that influence Smo activity in Hh-responsive cells remain a key question in the study of Hh signal transduction. Activated Smo accumulates at the plasma membrane in Drosophila cells (Denef et al., 2000; Zhu et al., 2003) or in the primary cilium in vertebrates (Corbit et al., 2005; Rohatgi et al., 2009 ). Hh-induced phosphorylation of dSmo through protein kinase A (PKA) and casein kinase 1 (CK1) was reported to promote its cell surface localization (Jia et al., 2004; Zhang et al., 2004; Apionishev et al., 2005; Chen et al., 2011a) , whereas GRK2 and CK1α-dependent phosphorylation of vSmo was found to be crucial for its ciliary accumulation (Chen et al., 2011a) . While phosphorylation has been fairly well established as an important positive regulatory mechanism that promotes the subcellular trafficking and activation of Smo, a growing body of evidence indicates that ubiquitination is involved in negative regulation of Smo through the endocytic pathway.
Two recent studies provided both genetic and biochemical evidence to suggest a role for ubiquitination in regulating dSmo subcellular localization and activity (Li et al., 2012; Xia et al., 2012) . One study by Li et al. showed that Drosophila wing disc cells lacking the only E1 ubiquitin-activating enzyme Uba1 accumulated higher levels of endogenous dSmo on the cell surface, and RNAi or pharmacological (PYR-41) inhibition of Uba1 in S2 cells increased the cell surface localization of dSmo (Li et al., 2012) . In the other study by Xia et al., an extra structure between Vein 2 and Vein 3, an indicator of ectopic Hh signaling activity, was observed in fly lines expressing wild type dSmo, but not dSmo fused to a single Ub molecule (Xia et al., 2012) . The E3 ligase(s) that catalyze(s) dSmo ubiquitination has remained elusive but UBPY/USP8 was identified as the specific deubiquitinase (DUB) required for Hh-induced deubiquitination and cell surface accumulation of dSmo (Li et al., 2012; Xia et al., 2012) . Together, these data show that ubiquitination negatively regulates the cell surface accumulation and activity of dSmo.
dSmo can be both multi-mono-and polyubiquitinated, leading to its endocytosis and degradation by both lysosomeand proteasome-dependent mechanisms (Li et al., 2012; Xia et al., 2012) . The mediators linking ubiquitination of dSmo and the endocytic pathway have begun to be characterized. The endosomal sorting complex required for transport (ESCRT) machinery facilitates the trafficking of ubiquitinated proteins from endosomes to lysosomes via MVBs (Williams and Urbé, 2007) . Homologs of several ESCRT components were found to play important roles in endosomal sorting of ubiquitinated dSmo. Both Hh pathway activation and dSmo accumulation have been observed in wing imaginal disc cells that had mutated hrs (HGF-regulated tyrosine kinase substrate), a component of the ESCRT-0 complex (Jekely and Rørth, 2003; Li et al., 2012; Fan et al., 2013) , tsg101 (Tumor susceptibility gene 101) of the ESCRT-I complex (Li et al., 2012) or vps36 (Vacuolar protein sorting 36) of the ESCRT-II complex . Specifically, mutating the ESCRT-0 component hrs and the ESCRT-I component tsg101 resulted in dSmo accumulation in Rab7 and Lamp1 positive late endosomes (Fan et al., 2013) , while perturbation of ESCRT-II component vps36 caused dSmo accumulation at plasma membrane and endosomes . Taken together, different ESCRT complexes mediate Hh signaling activity via downregulating ubiquitinated dSmo proteins at different levels of the endocytic pathway.
In the absence of Hh, dSmo is ubiquitinated at multiple Lys residues in its cytoplasmic part, including the internal loops and the C-tail (Li et al., 2012; Xia et al., 2012; Fan et al., 2013; Yang et al., 2013) . Remarkably, Hh-induced dSmo phosphorylation through PKA/CK1 also occurs within the dSmo C-tail (Jia et al., 2004; Zhang et al., 2004; Apionishev et al., 2005) , at an autoinhibitory domain (SAID) that prevents dSmo cell surface accumulation in its unphosphorylated state (Zhao et al., 2007) . The SAID domain is both necessary and sufficient to promote ubiquitination and internalization of dSmo (Li et al., 2012) . Moreover, Hh stimulation fails to inhibit dSmo ubiquitination in the presence of a PKA inhibitor H-89, and overexpression of a constitutively active PKA blocks dSmo ubiquitination in the absence of Hh (Li et al., 2012) . Together, these data indicate that Hh inhibits dSmo ubiquitination and internalization through PKA/CK1-mediated phosphorylation of the SAID domain in the dSmo C-tail. Conversely, dSmo ubiquitination was also found to negatively regulate its phosphorylation. For instance, the ESCRT-0 component Hrs was found to block dSmo phosphorylation by interacting with the SAID domain (Fan et al., 2013) .
The mechanism by which Hh inhibits dSmo ubiquitination via phosphorylation is not well understood. Xia et al. reported that phosphorylation of dSmo promoted the formation of a dSmo-UBPY/USP8 complex, while Li et al. found that the association between dSmo and UBPY/USP8 was not significantly affected either by Hh stimulation or dSmo phosphorylation (Li et al., 2012; Xia et al., 2012) . Alternatively, the mechanism underlying the regulation of dSmo ubiquitination might involve interaction of dSmo with an E3 ligase rather than DUBs. Thus, identifying the E3 ligase(s) involved in dSmo ubiquitination may shed important insights on the mechanism by which Hh/phosphorylationmediated dSmo ubiquitination occurs.
In mammals, ubiquitination of vSmo was also found to be reduced in the presence of Hh ligands, indicating that ubiquitination is a conserved mechanism for Smo regulation (Xia et al., 2012) . Hh-dependent activation of both dSmo and vSmo involves phosphorylation, which was found to counteract ubiquitination of dSmo (Chen et al., 2011a; Liet al., 2012) ; thus the possible interplay between vSmo phosphorylation and ubiquitination should also be investigated. Furthermore, activation of both dSmo and vSmo requires their accumulation at the plasma membrane or primary cilium, respectively. Since ubiquitination inhibits the plasma membrane localization of dSmo, one might speculate that ubiquitination plays an analogous role in vSmo trafficking into the primary cilium. For example, β-arrestins in association with integrin-linked kinase (ILK) play an important role in Shh-induced vSmo ciliary translocation by mediating interaction with the intraflagellar transport (IFT) protein Kif3a (Kovacs et al., 2008; Barakat et al., 2013) . Could ubiquitination play a role in counteracting the ciliary transport of vSmo by abrogating its interaction with one or more of these components in the absence of Shh?
Regulation of Sufu through ubiquitination
Sufu is a conserved inhibitory component of the Hh signaling pathway that regulates the localization, activity, and stability of Ci/Gli transcription factors. In both Drosophila and mammals, Sufu directly binds to the Ci/Gli proteins to prevent their nuclear translocation (Ding et al., 1999; Kogerman et al., 1999; Méthot and Basler, 2000; Wang et al., 2000b; Humke et al., 2010) . In addition, mammalian Sufu functions in the nucleus to repress Gli-dependent transcription by interacting with the SAP18-mSin3 HDAC (histone deacetylase) complex (Cheng and Bishop, 2002; Paces-Fessy et al., 2004 ). Sufu appears to have dual roles in stabilization of Ci/Gli. Interaction with Sufu was found to protect the fulllength Ci/Gli2/3 proteins from degradation by the Cul3-HIB (Hh-induced MATH and BTB domain containing protein)/ SPOP (speckle-type POZ protein) E3 ligase complex (Zhang et al., 2006a; Chen et al., 2009; Humke et al., 2010; Wang et al., 2010) , and to promote GSK3β-dependent processing of Gli3 to the repressor form by Cul1-Slimb/βTrCP (Kise et al., 2009) . Recent investigations indicate that the localization and stability of Sufu itself are also tightly controlled. Here, we review the role of ubiquitin-proteasome system in Sufu regulation.
It was found that mammalian Sufu protein was ubiquitinated and degraded in response to Shh signaling (Yue et al., 2009 ). In the NCI-H322M cells, a human lung cancer cell line with high level of Sufu turnover, Sufu protein levels were stabilized when upstream Shh signaling was inhibited by the Smo antagonist cyclopamine (Yue et al., 2009) . By contrast, decreased Sufu protein levels were observed in embryonic tissue from Ptch1 -/ -mutant mice with increased Hh signaling activity and in wild-type MEFs treated with Shh ligand or Smo agonist (Yue et al., 2009 ). Similar to the observation in the NCI-H322M cells, cyclopamine also inhibited Shh-induced Sufu degradation in MEFs (Yue et al., 2009) . The authors also found that ubiquitination of endogenous Sufu protein increased in the presence of Shh. Thus the Hh signaling-induced Sufu turnover may be related to ubiquitin-proteasome-mediated degradation of Sufu (Yue et al., 2009) . Both mono and poly-ubiquitinated Sufu proteins were detected when co-expressed with HA-tagged ubiquitin in HEK293 cells. Mass spectrometry identified Lys residue K257 as the site of Sufu mono-ubiquitination (Yue et al., 2009) . When compared to the wild type Sufu, the K257R mutant more efficiently repressed both the proliferation of NCI-H322M cells and the Gli-mediated transcription in Sufudeficient MEFs (Yue et al., 2009) . However, K257 is unlikely to be the only site where Sufu is ubiquitinated because K257R mutation stabilized, but did not completely inhibit Sufu turnover in the NCI-H322M cells (Yue et al., 2009) . Although these findings suggest Sufu ubiquitination and turnover comprise a novel layer of regulation in Hh signal transduction, the E3 ligase and additional ubiquitin attachment sites responsible for Shh-induced Sufu turnover await to be identified. Another study from the same group recently showed that PKA and GSK3β dependent phosphorylation can counteract Shh induced degradation of Sufu (Chen et al., 2011b) . However, whether phosphorylation can affect Sufu ubiquitination needs to be further investigated.
Hh signaling induced downregulation of Sufu was also observed in flies and requires HIB, the substrate recognition and binding component of Cul3-HIB E3 ligase complex (Liu et al., 2014a) . Either activating Hh signaling or overexpressing HIB in the wing imaginal disc promoted degradation of Sufu (Zhang et al., 2006a; Liu et al., 2014a) . HIB itself is upregulated by the Hh signal (Zhang et al., 2006a) , and mutant clones that lack HIB had elevated Sufu protein levels, while re-expression of HIB along with Hh restored Sufu downregulation (Liu et al., 2014a) . These findings could be recapitulated when HIB was replaced by its mammalian homolog SPOP, indicating that HIB regulation of Sufu protein levels through Hh signaling may be conserved from flies to mammals (Liu et al., 2014a) . Disrupting the Cul3-HIB complex, Cul3 E3 ligase activity, proteosomal activity, or polyubiquitination stabilized Sufu protein. However, in contrast to the direct ubiquitination of Sufu observed in mammalian cells (Yue et al., 2009 ), HIB did not target Sufu itself for degradation in Drosophila, nor did it affect nuclear export or levels of Sufu mRNA when overexpressed (Liu et al., 2014a) .
Considering that the HIB E3 ligase activity is necessary for Sufu downregulation, the authors predicted HIB may inhibit Sufu through turnover of an intermediate factor (Liu et al., 2014a) . An RNAi based screen that targeted putative HIBinteracting proteins revealed that the spliceosome factor Crn (Crooked neck) is involved in downregulating Sufu (Liu et al., 2014a) . Accordingly, genetic and biochemical experiments showed that Crn knockdown attenuated Hh or HIB induced Sufu downregulation (Liu et al., 2014a) . Although Crn was identified as a putative HIB interacting protein based on a yeast two hybrid assay, binding of HIB and Crn was not observed in co-immunoprecipitation experiments (Liu et al., 2014a) . Interestingly, HIB promoted Crn accumulation in the nucleus, an effect that was blocked by a proteasome inhibitor and which correlated with a small but noticeable reduction of Sufu levels in wing disc cells (Liu et al., 2014a) . Based on these findings, the authors suggest that Cul3-HIB degrades an unknown factor required for nuclear export of Crn, and the resulting nuclear accumulation of Crn downregulates Sufu expression by inhibiting formation of functional Sufu mRNA (Liu et al., 2014a) . However, the identity of the unknown HIB substrate and the exact mechanism by which Crn regulates Sufu expression await future investigation.
Regulation of Ci/Gli transcription factors by ubiquitination
Ubiquitin modification of the Ci/Gli transcription factors serves as an important mechanism to suppress Hh pathway activity. Members of both the RING and HECT families of E3 ligases function as part of multi-protein complexes to target Ci/Gli for ubiquitination and proteolysis. In the absence of Hh, partial degradation of both Ci and Gli2/3 convert them into truncated forms that function as transcriptional repressors of the Hh pathway, whereas the full-length forms are rendered inactive (Hui and Angers, 2011) . In the presence of Hh, formation of the Ci/Gli2/3 truncated repressors is blocked and the full-length forms become activated (Hui and Angers, 2011) . Hh also stimulates complete degradation of full-length Ci/Gli2/3, which serves as a feedback control to limit their activity after pathway activation (Hui and Angers, 2011) . In contrast to Ci/Gli2/3, Gli1 does not generate repressor forms and instead functions exclusively as an activator. By focusing on Gli1, additional molecular mechanisms that govern Gli protein ubiquitination and degradation have been uncovered (see below). Here, we will briefly summarize the different E3 ligase complexes and the mechanisms involved in proteolytic processing and degradation of the Ci/Gli transcription factors. We will also turn our attention to recent studies that reveal novel ubiquitin-dependent mechanisms that control Gli protein function independently of Gli degradation. Due to space limitations and the extensive body of literature on regulation of Ci/Gli by ubiquitination, we would like to refer readers to the more detailed reviews that are cited here (Jiang, 2006; Di Marcotullio et al., 2007; Hui and Angers, 2011; Gulino et al., 2012) .
Processing and degradation of Ci and Gli2/3
The RING finger-based Skip1-Cul1-F-box (SCF) E3 ligase complex targets Ci and Gli2/3 for partial proteolytic degradation to generate the C-terminally truncated repressor forms. In the absence of Hh, Ci ubiquitination by SCF is promoted by PKA, GSK3 and CK1-dependent phosphorylation at multiple sites in the C terminus of Ci (Jia et al., 2002; Price and Kalderon, 2002; Jia et al., 2005; Smelkinson and Kalderon, 2006; Tempé et al., 2006; Wang and Li, 2006) . The kinesin-like scaffolding protein Cos2 is required for Ci phosphorylation and may function to recruit these kinases for Ci processing . The presence of Hh inhibits Cos2-kinase complex formation, as well as the phosphorylation and processing of Ci (Chen et al., 1999; Wang and Holmgren, 1999; Zhang et al., 2005) . In-vitro binding analysis showed that phosphorylation of Ci by all three kinases conferred binding to the F-box protein Slimb, which functions as the substrate recognition component of the SCF E3 ligase complex (hereafter referred to as Cul1-Slimb in Drosophila) Smelkinson and Kalderon, 2006) . In vertebrates, a similar phosphorylation-dependent mechanism involving PKA, GSK3β, and CK1 targets Gli3 and, to a lesser extent, Gli2, for ubiquitination and processing to the repressor form by promoting their binding to βTrCP, the vertebrate homolog of Slimb (hereafter referred to as Cul1-βTrCP to denote the vertebrate SCF E3 ligase complex) (Bhatia et al., 2006; Wang and Li, 2006; Pan et al., 2009) . Detailed genetic and biochemical analyses indicate that ciliary localization of Gli2 and Gli3 is required for formation of the activator and repressor forms (Haycraft et al., 2005; Huangfu and Anderson, 2005; Liu et al., 2005; May et al., 2005; Santos and Reiter, 2014) . However, it is unclear how ciliary trafficking of Gli proteins is linked to their ubiquitination and degradation by Cul1-βTrCP, especially in light of the finding that PKA activation inhibits Gli3 accumulation in primary cilia (Wen et al., 2010; Zeng et al., 2010) .
In contrast to Cul1-based E3 ligases, Cul3-based E3 ligases target Ci and Gli2/3 proteins for complete degradation in the presence of Hh (Kent et al., 2006; Zhang et al., 2006a) . In vertebrates, only the full-length activator forms of Gli2 and Gli3 are targeted for ubiquitination and complete proteolysis by Cul3 E3 ligase, which is promoted through the substrate binding adaptor SPOP (Wang et al., 2010) , and inhibited by Sufu which in turn appears to antagonize the activity of SPOP ). Unlike βTrCP-based processing of Gli, SPOP-based degradation of Gli2 and Gli3 may occur independently of primary cilium because Gli2/3 and SPOP colocalization was observed in Kif3a -/ -MEFs which lack cilia ). The Drosophila homolog of SPOP, HIB, promotes Cul3-based ubiquitination and degradation of Ci in the presence of Hh (Kent et al., 2006; Zhang et al., 2006a) . HIB-mediated degradation of Ci is also inhibited by Sufu, indicating that the mechanism by which HIB/SPOP regulates Ci/Gli is evolutionarily conserved between flies and mammals (Zhang et al., 2006a) .
Recently, insights into the mechanisms that underlie the differential outcomes of Cul1-based versus Cul3-based ubiquitination on Ci/Gli proteolysis have begun to emerge. Cul1-based E3 ligase was found to add both K11-linked and K48-linked ubiquitin chains to Ci, while Cul3-based E3 ligase added mainly K48-linked chains . The Cul1-mediated partial degradation of Ci/Gli3 required Ter94/p97 ATPase which selectively bound K11-linked ubiquitin chains on Ci as well as components of the Cul1-Slimb complex . These observations indicate that differences in the pattern of Ci/Gli3 ubiquitination through Cul1-or Cul3-based E3 ligases determine the mode of proteolytic processing, and that Ter94 mediates recruitment of Cul1-ubiquitinated Ci/Gli3 for partial degradation. However, Gli1/2 are targeted by Cul1-βTrCP for ubiquitination and complete degradation, suggesting that differences in the amino acid sequence of Gli1/2 versus Ci/ Gli3 may determine the predominant outcome of ubiquitinmediated proteolysis by the same Cul1-βTrCP E3 ligase (Bhatia et al., 2006; Huntzicker et al., 2006; Pan et al., 2009 ). Furthermore, Gli2 stability was found to be modulated by multiple protein kinases such as MEK, which antagonizes GSK3β-mediated phosphorylation and subsequent ubiquitination of Gli2 Liu et al., 2014b) . Thus, multiple protein kinases, possibly through synergism with other signaling pathways, regulate Gli2/3 stability by promoting or inhibiting Cul1-βTrCP mediated ubiquitination.
Degradation of Gli1
A substantial body of evidence reveals that the constitutive transcriptional activator Gli1 is targeted by multiple E3 ligases, including members of the RING and HECT E3 families. Huntzicker et al. found that βTrCP associates with Gli1 through a C-terminal degron DSGXXS motif (Dc) that is conserved among the vertebrate Gli homologs (Huntzicker et al., 2006) . It should be noted that although Ci, Gli1, and Gli3 are all targeted by βTrCP for proteolysis, only Gli1 is completely degraded. Deletion of the Dc or abrogating PKA phosphorylation of Gli1 inhibited the interaction with βTrCP and thus stabilized the Gli1 protein (Huntzicker et al., 2006) . A second highly conserved degron motif found at the N terminus (Dn) also mediates Gli1 stability, but functions independently of the βTrCP and Sufu through a currently unidentified mechanism (Huntzicker et al., 2006) . Di Marcotullio et al. found that the adaptor protein Numb targets Gli1 for ubiquitination and proteolytic degradation mediated by the HECT E3 ligase Itchy, which is dependent on Itchy binding to two PPXY and a pSP motif in the Gli1 C terminus (Di Marcotullio et al., 2006; Di Marcotullio et al., 2011) . Numb activates Itchy by disrupting its autoinhibitory conformation, resulting in Itchy association with and ubiquitination of Gli1 . Increased Gli1 protein stability and transcriptional activity were observed when the authors mutated the Itchy binding sites or the Dc motif that is recognized by β-TrCP (Huntzicker et al., 2006; Di Marcotullio et al., 2011) . This observation indicates that the activity of multiple E3 ligases act to suppress Gli1 transcriptional output by promoting its degradation.
Recently, other types of E3 ligases were found to be involved in regulating Gli1 activity as part of the DNAdamage response in which genotoxic stress attenuates Gli1 mitogenic and pro-survival properties. Mazza et al. identified PCAF (p53-mediated elevation of the acetyltransferase p300/ CBP-associated factor) as a novel E3 ligase for Gli1 that functions to link the p53-mediated DNA damage response and suppression of Hh/Gli signaling in medulloblastoma cells (Mazzà et al., 2013) . Inducing genotoxic stress by drug treatment increased p53-dependent upregulation of PCAF, which was required to inhibit Gli1-mediated growth and survival by promoting its ubiquitination and degradation. Furthermore, drug-induced growth arrest and apoptosis were dependent on PCAF and its ability to induce Gli1 degradation (Mazzà et al., 2013) . Gilder et al. showed that Gli1 ubiquitination and suppression of Gli1-dependent transcriptional activity were promoted by Fem1b, a conserved adaptor protein that mediates interaction with E3 ligase complexes that contain Cul2/Elongin-BC subunits (Gilder et al., 2013) . Exogenous Fem1b decreased expression of Gli1 mRNA in a colon cancer cell line for which Gli1 had previously been shown to promote cell survival and the DNA damage response (Mazumdar et al., 2011; Agyeman et al., 2012; Gilder et al., 2013) . However, it is unclear whether Fem1b is required for Gli1 inhibition during the DNA damage response, and the mechanism by which this may occur has not been fully explored. In summary, these findings indicate that the action of multiple E3 ligases impinge on Gli to regulate Hh signaling output in different cellular contexts, and may thus influence the tumorigenesis, growth, or drug response of Hh-dependent malignancies.
Indirect regulation of Gli1/2 by ubiquitination-dependent mechanisms
Degradation is not the only mechanism through which ubiquitination can regulate Ci/Gli. A recent study in Drosophila found that Hyd (hyperplastic discs), a HECT E3 ligase that had previously been shown to negatively regulate Hh signaling , interacted with but did not target Ci for degradation (Wang et al., 2014) . Instead, Hyd selectively restrains the transcriptional activity of Ci at specific Hh target gene promoters through an undefined mechanism that requires its E3 ligase activity (Wang et al., 2014) . Another recent study revealed an indirect ubiquitination-dependent mechanism regulates Gli1 and Gli2 activity through suppressing HDAC. Gli1 and Gli2 can be acetylated, and their HDAC-mediated deacetylation represents a transcriptional switch in which deacetylation promotes transcriptional activation and sustains a positive autoregulatory loop through Hh-induced upregulation of HDAC1 (Canettieri et al., 2010) . This mechanism is turned off by HDAC1 degradation through a Cul3-KCASH (KCTD containing, Cullin3 adaptor, suppressor of Hedgehog) E3 ligase complex (Canettieri et al., 2010; De Smaele et al., 2011) . Remarkably, the KCASH1 gene is frequently deleted in human medulloblastoma, and KCASH2/3 overexpression reduces the Hhdependent growth of medulloblastoma cell lines (Canettieri et al., 2010; De Smaele et al., 2011) . These findings highlight the relevance of the interplay between ubiquitination and acetylation events and provide new targets for Hh signalingdependent cancer therapy.
Concluding remarks
Growing evidence suggests that ubiquitination plays important roles in regulating Hh signaling activity by targeting several key pathway components, including Ptc, Smo, Sufu and Ci/Gli proteins (Fig. 1) . Ubiquitination has the net effect of counteracting the function of each of these key components by decreasing their protein levels through degradation, and, in the cases of Ptc and Smo, by changing their subcellular localization. Conserved HECT and RING family E3 ligases that target Ptc and Ci/Gli have been identified (Table 1) . Ubiquitination of Ptc by Smurf E3 ligases is required during endocytosis and for subsequent Ptc protein turnover in response to active Hh signaling. Two Cullin-based E3 ligases mediate Ci/Gli function and stability: Cul1-Slimb/βTrCP processes Ci/Gli into repressor forms in the absence of Hh signaling, and Cul3-HIB/SPOP degrades Ci/Gli in the presence of Hh signaling. The dual roles of Ci/Gli ubiquitination support the notion that fine tuning of Hh signaling output occurs through downregulation of Cul1-based repressor formation and upregulation of Cul3-based Ci/ Gli degradation (Di Marcotullio et al., 2007) . Smo ubiquitination prevents its plasma membrane localization in the absence of Hh, while Sufu ubiquitination promotes its degradation in the presence of Hh. The specific E3 ligases that target Smo and Sufu have not yet been identified, although HIB/SPOP was found to reduce Sufu protein synthesis indirectly. Collectively, these findings indicate that multiple concerted ubiquitination events impinge on Ptc, Smo, Sufu, and Ci/Gli to influence Hh signaling output.
Several areas regarding the roles and mechanisms of ubiquitination in Hh signaling clearly deserve further investigation. Reversible ubiquitination of the key signaling components likely confers versatility in influencing the outcome of the Hh pathway. Aside from specific targeting of Smo by the UBPY/USP8 (Li et al.,2012; Xia et al., 2012) , very little is known about whether DUBs are involved in reversing the ubiquitination of Ptc, Sufu, and Ci/Gli, or how such DUBs may be regulated in the context of Hh signaling. While formation of K48-linked polyubiquitin chains on Smo, Sufu, and Ci/Gli correlates with their protein degradation, the precise nature of the ubiquitin chains and their critical target Lys residues have not been fully unraveled (Table 1 ). The interplay of ubiquitination with other post-translational modifications -such as phosphorylation -should also be further explored in regards to how integration of multiple post-translational modifications by the Hh pathway components can determine the extent and duration of Hh signaling.
The observation that Itchy can target both Ptc and Gli raises the possibility that other E3 ligases may have multiple targets in the Hh signaling pathway (Di Marcotullio et al., 2006; Chen et al., 2014) . The significance of having different Hh pathway components targeted by the same E3 ligase should also be explored. For example, Itchy-mediated degradation of Ptch1 in the absence of Hh prevents apoptosis, while Itchy targeting of Gli1 is promoted by the Numb adaptor in differentiating cells. It is unclear if the outcomes of these two events are mutually exclusive, or if distinct molecular mechanisms determine whether Itchy targets Ptch1 or Gli1 for ubiquitination. Might the presence of Numb divert the binding of Itchy from Ptch1 to Gli1? Multiple E3 ligases can also target the same Hh pathway component, which may play distinct roles depending on cellular context. This notion is supported by findings that both Smurf and Itchy ubiquitinate Ptch1, with Smurf acting as a positive modulator of Hh signaling activity and Itchy acting as a negative modulator of Ptch1-dependent apoptosis (Huang et al., 2013; Chen et al., 2014; Yue et al., 2014) . The mechanism(s) that determine which of these HECT E3 ligases interact with Ptch1 need to be investigated. It may involve, for example, tissue-specific expression level of the HECT E3 ligases, or a change in the conformation or post-translational modification of the Ptch1 C-tail. In summary, these findings underscore the need for further studies to understand the molecular mechanisms by which E3 ligases are activated and recognize Hh pathway components.
Ubiquitination of Hh pathway components may have physiologic roles in Hh signaling-related developmental processes and cancer formation. This notion is supported by evidence linking the control of Gli protein degradation with tumorigenesis. Expression of mutant Gli1 lacking the two degron motifs in the epidermis accelerated formation of tumors in mice that clinically resemble basal cell carcinoma (Huntzicker et al., 2006) . Mutation of Itchy E3 ligase binding sites in Gli1 enhanced the proliferation, anchorage-independent growth, and migration of medulloblastoma cell lines . The Gli1 mutant also conferred resistance to the inhibitory effect of Numb, which was found to suppress progenitor-cell maintenance and growth by antagonizing Hh signaling through its cooperation with Itchy (Di Marcotullio et al., 2006; Di Marcotullio et al., 2011) . Thus, the regulation of Gli1 stability and function by multiple E3 ligases may influence Gli1 oncogenic potential in vivo. It is not yet clear whether the ubiquitination of other Hh pathway components is also involved in Hh signaling-related tumorigenesis. If it was found to be the case, E3 ligases that specifically downregulate negative players of Hh pathway, such as Smurfs, could serve as attractive candidates for Crn by an unknown substrate (S) allows functional Sufu mRNA to be translated. (B) Hh binding to dPtc releases its inhibition on dSmo. UBPY/USP8 reverses dSmo ubiquitination and promotes dSmo accumulation at the plasma membrane, although this can also occur in the absence of Hh. Activated dSmo recruits Smurf to the plasma membrane where Smurf mediates the internalization and degradation of dPtc. Cul1-Slimb-mediated Ci R formation is inhibited, allowing for formation of the activator form Ci A and activation of pathway target genes including hib. HIB functions in a negative feedback manner by promoting the degradation of Ci FL . Cul3-HIB also targets the unknown substrate S for degradation, allowing Crn to accumulate in the nucleus where it inhibits formation of functional Sufu mRNA and leads to reduced Sufu protein synthesis. (C) In vertebrates, in the absence of Hh ligands, Ptch1 suppresses activation of vSmo, which is internalized and degraded by an unknown E3 ligase. Sufu protects full-length Gli2 and Gli3 (Gli FL ) from Cul3-Spop-mediated degradation. Sufu also promotes the partial degradation of Gli FL to Gli R by In the presence of Hh ligands, Ptch1 is internalized and degraded by Smurf1/2. An unknown deubiquitinase (DUB) decreases vSmo ubiquitination and degradation. Sufu is degraded in a Cul3-Spop-dependent manner, and Gli R formation by Cul1-βTrCP is inhibited, allowing for Gli A formation. 
